We analyze the stellar absorption features in high signal-to-noise ratio near-infrared (NIR) spectra of the nuclear region of 12 nearby galaxies, mostly spirals. The features detected in some or all of the galaxies in this sample are the TiO (0.843 µm and 0.886 µm), VO (1.048 µm), CN (1.1 µm and 1.4 µm), H 2 O (1.4 µm and 1.9 µm) and CO (1.6 µm and 2.3 µm) bands. The C 2 (1.17 µm and 1.76 µm) bands are generally weak or absent, although C 2 (1.76 µm) may be weakly present in the mean galaxy spectrum. A deep feature near 0.93 µm, likely caused by CN, TiO and/or ZrO, is also detected in all objects. Fitting a combination of stellar spectra to the mean spectrum shows that the absorption features are produced by evolved stars: cool giants and supergiant stars in the early-or thermally-pulsing asymptotic giant branch (E-AGB or TP-AGB) phases. The high luminosity of TP-AGB stars, and the appearance of VO and ZrO features in the data, suggest that TP-AGB stars dominate these spectral features. However, a contribution from other evolved stars is also likely. Comparison with evolutionary population synthesis models shows that models based on empirical libraries that predict relatively strong NIR features provide a more accurate description of the data. However, none of the models tested accurately reproduces all of the features observed in the spectra. To do so, the models will need to not only improve the treatment of TP-AGB stars, but also include good quality spectra of red giant and E-AGB stars. The uninterrupted wavelength coverage, high S/N, and quantity of features we present here will provide a benchmark for the next generation of models aiming to explain and predict the NIR properties of galaxies.
INTRODUCTION
Studying the unresolved stellar content of galaxies generally involves disentangling the various components contributing to the spectral energy distribution (SED), fitting a combination of simple stellar populations (SSPs) to derive information about age, metallicity, and star formation history. In the near-infrared (NIR, 0.85-2.5µm), the thermally pulsing asymptotic giant branch (TP-AGB) phase -the last stage of the evolution of intermediate mass stars (M 6M⊙) -is a particularly important component of the SSP models. These stars may be able to dominate the emission of stellar populations with ages ∼0.2 -2 Gyr (Maraston 2005 , see also Mouhcine & Lançon (2002) and Dottori et al. (2005) ) being responsible for roughly half of the luminosity in the K-band (Salaris et al. 2014 ).
Unfortunately, a correct treatment of the TP-AGB phase is difficult to achieve, since the physics of the evolution of this stellar phase is still poorly known (Maraston 2005; Marigo et al. 2008; Conroy & Gunn 2010; Conroy et al. 2013; Kriek et al. 2010; Zibetti et al. 2013; Noël et al. 2013) . The complex processes occurring during this phase (mass-loss, changing opacities, dredge-up events, etc.) are difficult to accurately model, and must be anchored with empirical calibrations (e.g. Marigo et al. 2008) . The contribution of a population of TP-AGB stars to the light of a galaxy also depends on the duration of this evolutionary stage, which is not yet well constrained. In addition, the features of an observed spectrum of a TP-AGB star depend strongly on its age and metallicity (e.g. Lançon et al. 2001 ), and we do not have NIR empirical spectra of stars covering the full range of these parameters expected in galaxies.
These difficulties have led to the production of models making very different predictions for the NIR spectral region. In contrast to Evolutionary Population Synthesis (EPS) models based on isochrone synthesis, such as those of Bruzual & Charlot (2003, hereafter BC03) , the models of Maraston (2005) and Maraston & Strömbäck (2011, hereafter M05 and M11) , based on the fuel consumption theory and using empirical spectra of Cand O-Rich stars for the TP-AGB phase, predict the presence of strong NIR molecular features, such as TiO (0.843 µm, 0.886 µm), CN (1.1 µm, 1.4 µm), C2 (1.17 µm, 1.76 µm), H2O (1.4 µm, 1.9 µm) and CO (1.6 µm, 2.3 µm) at the ages where these stars are abundant. When applied to galaxy spectra, the M05 models also predict much higher NIR luminosities than the BC03 ones ). The models are calibrated using Galactic and Magellanic Cloud globular clusters, and have been tested against a variety of astronomical data sets, with somewhat mixed results Riffel et al. 2011b; Lyubenova et al. 2010; Kriek et al. 2010; Lyubenova et al. 2012; Melbourne et al. 2012; Zibetti et al. 2013; Marigo 2014) .
Given the challenges involved in constructing SSPs appropriate to modeling galaxy SEDs based solely on theoretical stellar spectra and/or limited empirical stellar spectra, searches for these bands in galaxies would be a valuable step forward in guiding the development and improvement of the models. Some studies have been carried out in this area. The 1.1 µm CN band, for example, has been detected in AGN and starburst galaxies (Riffel et al. 2007; Ramos Almeida et al. 2009 ), along with the 1.4 µm CN band in a single object (Martins et al. 2013b ). The CO bandheads near 2.3 µm are well known, and the first detection of ZrO features at 0.8 -1.0 µm was recently reported in a sample of starburst nuclei (Martins et al. 2013b ). Conversely, Zibetti et al. (2013) do not detect the TP-AGB spectral features predicted by M05 in their spectra of post-starburst galaxies at z∼0.2.
Here we investigate the origin of the stellar molecular absorption features in NIR spectra of 12 nearby galaxies, and use the spectra to test two current EPS models. The detected bands include CN (1.1 µm, 1.4 µm), CO (∼1.6 µm, ∼2.3 µm), H2O (∼1.4 µm, ∼1.9 µm), VO (1.048 µm) and TiO (0.843 µm, 0.886 µm). We also detect a feature at ∼0.93 µm which is probably due to a blend of CN, TiO, and ZrO bands. A tentative detection of a C2 (1.76 µm) bandhead in the mean spectrum of the whole sample is also reported. While some of these bands have been discussed in previous work, the novelty of this study is the simultaneous detection and analysis of many features over a wide range of wavelengths.
SAMPLE AND DATA

The Sample
The galaxies in this paper (Table 1 ) are a subset of those observed for the Palomar XD project (Mason et al. 2015) . That program acquired high-quality nuclear NIR spectra of galaxies in the Palomar survey of nearby galaxies (Ho et al. 1995 (Ho et al. , 1997 , using the Gemini Near-Infrared Spectrograph (GNIRS) on the Gemini North telescope (Elias et al. 2006 ) . The GNIRS sample contains AGNs covering a wide range of luminosity and accretion rate. Of these, a subsample was selected for this study on the basis of high signal-tonoise ratio (S/N) data, strong stellar continuum, weak AGN emission, and excellent cancellation of the strong telluric absorption coincident with the location of the CN and H2O bands around 1.4 µm. While some molecular bands are evident in the remaining 38 objects (Mason et al. 2015) , we restrict this discussion to the 12 galaxies with the highest-quality data.
It is important to realize that these are not necessarily the galaxies where features due to TP-AGB stars would be expected to be the strongest. That is, no selection due to stellar population properties was made. The galaxies are simply those in which the data permit a close examination of the various bands that have been suggested to be signatures of TP-AGB stars. As shown in Table 1 , with the exception of NGC 2832 and NGC 2768, all of the galaxies are spirals. Optical stellar population studies have been carried out for several of the galaxies, and in most cases old ages are suggested (Table 1) . Possible exceptions are NGC 2655, NGC 2768, and NGC 5005. The Hβ line index in NGC2655 suggests a mean age of ∼2 Gyr (Sil'chenko 2006), while studies disagree about whether old (Sil'chenko 2006; Zhang et al. 2008) or intermediate-age (Serra et al. 2008; Crocker et al. 2008 ) stars dominate in NGC 2768. In NGC 5005, Cid Fernandes et al. (2004a) find that an intermediate-age stellar population contributes about 45% of the nuclear optical light.
Inter-comparing stellar ages obtained from different spectral regions, apertures, and line indices/stellar population models can be highly problematic. Nonetheless we use this information in §4, in which we draw some tentative conclusions about the type of stars causing the molecular absorption features observed in this galaxy sample.
The data
The spectra were obtained using GNIRS' cross-dispersed mode, which provides simultaneous spectral coverage from ∼0.8-2.5 µm. The 0.3 ′′ slit was used, providing R∼1200, and was orientated at the mean parallactic angle at the time of the observations. The observations were executed in queue mode (Programs GN-2012B-Q-80, GN-2013A-Q-16) and the observing condition criteria allowed for observations to be taken with thin cirrus and seeing 1 ′′ . The data were reduced using standard procedures, described in Mason et al. (2015) . Some stellar features of interest are located in regions of poor atmospheric transmission, in which the telluric cancellation process (dividing by a slightly shifted and scaled spectrum of an A star observed near in time and airmass) may leave artefacts in the spectrum. For instance, the 0.93 µm feature lies close to telluric H2O absorption at ∼0.95 µm. The authenticity of this feature was verified in two ways. First, the shifting and scaling applied to the standard star were adjusted, while verifying that the strength and profile of the feature were not significantly affected. Second, a standard star spectrum was reduced using the same procedure applied to the galaxies, showing that no similar feature was produced in the resulting spectrum (Fig. 1) . A similar procedure was applied to the H2O absorption regions, indicating that the broad H2O bands apparent in some objects are not artefacts of the data reduction but true stellar features.
RESULTS
The Spectral Features
The full set of spectra is shown in Figure 1 , while Figures 2 -4 show close-ups of various regions of interest. As can be seen from these figures (see also Fig. 6 ), the CN (1.1 µm, 1.4 µm) and CO (1.6 µm, 2.3 µm) bands are clearly detected in the majority of sources. While the 1.1 µm CN band is known in a number of galaxies (Riffel et al. 2007) , the CN band at 1.4 µm has to date only been detected in NGC 4102 (Martins et al. 2013a ). The CN 1.4 µm band falls in a region of poor atmospheric transmission and is therefore difficult to detect in low-redshift extragalactic sources. Thanks to the dry conditions under which these data were obtained, however, we detect the 1.4 µm CN band in almost all the galaxies of the present sample. According to M05, these bands are strong in TP-AGB stars, whose contribution to the integrated light peaks at intermediate ages.
The H2O 1.4 µm band is also detected in almost all sources, while the 1.8 µm band is visible only in some (NGC 2655 , NGC 2768 . C2 lines are weak or absent in the individual galaxy spectra but the 1.76 µm band may show up in the mean spectrum (see Fig. 5 ). These features are present in the IRTF atlas of cool stars ( see Fig. 7 to 34 of Rayner et al. 2009 , see also Cushing et al. (2005) ), and are also predicted by M05 (their Figures 14 and 15) .
A comparison of the GNIRS spectra with the IRTF library shows that, besides the bands predicted by the M05 models, we also detect a VO feature at 1.048 µm. A comparison of our Fig. 1 with Fig. 8 of Rayner et al. (2009) shows that the VO band at 1.048 µm, detected in many of the galaxies in our sample, most likely originate in late M III stars in the TP-AGB phase. To our knowledge, this is the first time that these bands have been reported in galaxies. A broad feature ranging between ∼0.93 -0.95 µm is also detected, but the identity of the carrier is uncertain. The feature may be due to a combination of CN (red system, ∆v = v ′′ − v ′ = −1), TiO (ǫ system, ∆v = −1), and ZrO, which are all strong in the spectra of cool giant stars (Rayner et al. 2009 ). The 0.886 µm band due to the δ system of TiO (∆v = 0) is detected in some of the spectra (NGC 2832, NGC 4594, and perhaps others). Depending on the spectral coverage, the 0.843 µm ∆v = 0 bandheads of the ǫ system of TiO are also detected in those objects, blended with the well-known Calcium triplet lines. We have measured the equivalent widths (EW) of the strongest molecular bands, including the 0.93 µm CN/TiO/ZrO and 1.048 µm VO bands that are particularly relevant to TP-AGB stars. The measurements were performed using an updated version of the PACCE code (Riffel & Vale 2011) . In this code, the continuum uncertainty is taken as the root mean squere of the difference between the linear fit to the pseudo continuum and the observed one. Then a Gaussian distribution of errors, using the above difference as 1-sigma standard deviation, is assumed to simulate new pseudocontinua. Finally, EW uncertainties are assumed to be the standard deviation of 500 measurements of EW using the simulated pseudo continua as continuum points for the linear fit. The line definitions used are listed in Table 2 and the measured values are in Table 3 .
As the spectra of the 12 galaxies have rather similar continuum and emission line properties (see Fig. 1 ), we averaged them to construct a spectrum with very high S/N, allowing further verification that the detected features are real. The spectra were normalized to unity at 1.223 µm before computing the mean value of the fluxes, pixel-by-pixel. The resulting spectrum (Fig. 5 ) supports the conclusion that the features observed in the individual galaxies are real, since they clearly appear in the mean spectrum. As the galaxies are at different redshifts, when they are shifted to the rest frame to create the mean spectrum, any systematic effects are shifted to different positions and will therefore tend to cancel out or be weakened in the mean spectrum. Additionally, (i) reducing a standard star using the same procedures results in a very clean spectrum with few weak telluric line residuals ( §2), and (ii) we can fit the observed mean absorption spectrum very well using the IRTF stellar library ( §4), thus indicating that the features are real and due to stars.
Stellar population synthesis
Bands from carbon-containing molecules are present in the galaxy spectra in Fig. 1 , along with VO and possibly a contribution from ZrO in the band at 0.93 µm. The presence of these molecules suggests a significant contribution from TP-AGB stars to the NIR spectra of the galaxies. To further investigate (1) whether these molecular bands really are due to TP-AGB stars, and (2) whether the available stellar population synthesis models are able to reproduce them, we carry out a stellar population synthesis on the mean spectrum using the STARLIGHT Other molecular bands are labeled at the bottom of the figure. A Mauna Kea atmospheric transmission spectrum for 1 mm H 2 O and 1 airmass is also shown (gray), along with the spectrum of an A0 star (blue) reduced in the same manner as the galaxy data. Because of the small redshifts of the galaxies, the telluric features/residuals in the A0 star and atmospheric spectra do not correspond precisely to those in the galaxy data. 
where M λ is a model spectrum, b j,λ r λ is the reddened spectrum of the jth SSP normalised at λ0; r λ = 10 −0.4(A λ −A λ0 ) is the reddening term; M λ0 is the theoretical flux at the normalisation wavelength; x is the population vector, and G(v * , σ * ) is the Gaussian distribution used to model the line-of-sight stellar motions, which is centred at velocity v * with dispersion σ * . The final fit is carried out searching for the minimum of the equation:
where emission lines and spurious features are masked out by fixing w λ =0. The quality of the fit is accessed by χ 2 Red wich is the χ 2 given by equation 2 divided by the number of points used in the fit and by adev = |O λ − M λ |/O λ , which is the percentage mean deviation over all fitted pixels. For a detailed description of STARLIGHT see its manual
1 . For applications in the optical see Cid Fernandes et al. (2005a) , and in the NIR see Riffel et al. (2009) .
We use 4 different approaches to define the base set of spectra used by the code, as follows: i) stars approach: a base composed of all the 210 dereddened stars (spectral types F-S/C, F being the hottest available) in the IRTF spectral library (Rayner et al. 2009; Cushing et al. 2005) and ii) stars no TP-AGB approach: the same as in (i) but removing all the TP-AGB stars from the base. iii) M11 approach: EPS models of M11 (an example of models including empirical spectra of C-and O-Rich TP-AGB stars), which consist of theoretical SSPs covering 12 ages (t = 0.01,0.03, 0.05, 0.1, 0.3, 0.5, 0.7, 1, 2, 5, 9 and 13 Gyr) at solar metallicity; iv) BC03 approach: SSPs from BC03 (an example of models calibrated with broad band photometry) with the same ages and metallicity as above. 
DISCUSSION
Origin of the features
To link the molecular absorption features to the kind of star in which they may arise, we first revisit some relevant aspects of the later stages of stellar evolution. Once the helium in the core of a star is exhausted, He burning begins in a shell surrounding the core. This marks the arrival of the star on the asymptotic giant branch (AGB). The star starts to expand, becoming cool and luminous, and develops a growing convective outer region. At this stage the second dredge-up occurs, mixing the end points of helium burning, mainly C and O, into the star's atmosphere. At the end of this phase the s process becomes the dominant mechanism of nuclear fusion, producing elements such as Zr and V (Habing & Olofsson 2004) .
The star then starts to undergo thermal pulses, leaving the E-AGB stage and entering the TP-AGB phase. The third dredgeup takes place, and processed material from the star's interior is transported into its atmosphere. At this point the spectrum of the star will present evidence of enhanced C and O abundance, along with features due to species containing the newly-formed Zr and V (Habing & Olofsson 2004) . For example, the NIR CN absorption band is particularly enhanced in carbon stars, where there is residual carbon that is not bound with oxygen in CO molecules. As N type carbon stars are produced after the third convective dredge-up along the TP-AGB phase (Habing & Olofsson 2004) , the detection of deep CN features may indicate stellar populations rich in this kind of star (Lançon et al. 2001; Riffel et al. 2007) . Similarly, VO and ZrO are produced with the residual oxygen not used in the formation of CO and TiO. Since V and Zr are only produced by the s process, these features are normally only detected in TP-AGB stars.
Below, we relate the spectral features in the galaxies to those observed in various kinds of star. It is therefore necessary to understand the stellar characteristics (spectral types and other traits) that identify a star as being in the TP-AGB phase. Most AGB stars have spectral classes M, S, and C (Habing & Olofsson 2004) . Of the two main types of carbon star, C-N stars are in the TP-AGB phase while C-R stars are not. All the molecular bands in C stars are from carbon-containing molecules. The spectra of early M-type stars contain TiO bands, while VO becomes apparent at later spectral types. S stars, however, are characterized by distinctive ZrO absorption. As noted above, s-process elements such as Zr and V are normally only present in AGB stars in the thermally-pulsing stage.
TP-AGB stars can also be distinguished by the variability caused by their long-period pulsations. The stellar library of Rayner et al. (2009) includes several IR spectra of TP-AGB stars, identified by their characteristic variability types (irregular, semiregular, and Mira), and their data illustrate the above trends. Inspecting their series of dwarf, giant and supergiant spectra (their Figures 7, 8, and 9) shows that the only molecular features detected in the dwarf stars are TiO, CO, H2O and FeH. CN bands are present in the giants and supergiants, but are most prominent in the latetype supergiants with TP-AGB-like variability characteristics (the K1 Ia-Iab, K5 Ib, M3 Iab-Ia, and M5 Ib-II stars in their Figure 9 ). ZrO also becomes prominent in the coolest of the TP-AGB supergiants in that figure. In the latest-type of the TP-AGB giants (M4 III, M6 III, M7 III, and M8-9 III in Figure 8 of Rayner et al. 2009 ), absorption from the VO molecule becomes apparent.
The results of the stellar population synthesis are shown in Figure 5 . When using the stars approach the spectrum can be well reproduced, and a significant fraction (∼ 35%) of the light comes from TP-AGB stars (the stars marked with ⋆ in the lower left panel of the figure).This is illustrated by Figure 6 , which shows that these stars account for the molecular features particularly at the short wavelength end of the spectrum. However, when the TP-AGB stars are removed, the code replaces them with a variety of E-AGB and red giant stars, notably a large contribution from a K5Ib star and a significant contribution from a C-R type carbon star. The quality of the fit is similar overall, with just a small increase in the χ 2 and Adev 2 values. Taken at face value, this would suggest a degeneracy between R-type carbon rich stars summed with E-AGB stars, and the TP-AGB stars. However, there are two important details that have to be taken into account. First, we are trying to fit a galaxy's stellar population with the observed spectra of stars from a library which is neither complete nor absolutely flux-calibrated, and most importantly, not constrained by the rules of stellar evolution, which would require the use of an isochrone and an assumption about the initial mass function.This would be the correct approach to create an SSP 3 , where the contribution of each stellar spectral type is weighted by the number and luminosity of the stars. This is a large task in its own right and is well beyond the scope of this paper. This means that although we can reproduce the mean spectrum with both approaches, the results need to be taken with caution. AGB and regular giant stars are short-lived, and their true contri-2 The percentage mean |O λ − M λ |/O λ deviation over all fitted pixels. 3 Which are the correct inputs for the base of elements in stellar population fitting using the STARLIGHT code.
bution to a stellar population spectrum of a given age cannot be determined by the approaches we described here.
With that said, TP-AGB stars are very luminous. Despite the fact that they exist only in population components with ages ∼0.2 -2 Gyr (M05), they have been shown to account for almost 20% of the 1.6 µm flux of nearby galaxies (Melbourne et al. 2012) , with much of the remainder likely coming from relatively featureless main sequence stars. In the K-band they may be responsible for roughly half the total luminosity (Salaris et al. 2014) . Such luminous stars, with strong absorption features, may be expected to leave an imprint on the NIR spectrum. Also, there is a subtle difference between the two fits in the absorption band at 0.93 µm (see Fig. 7 ). As noted above, this band probably contains contributions from CN, TiO, and ZrO. The fit in this region is improved when TP-AGB stars are included, suggesting that some of the absorption indeed comes from the Zr brought to the surface by the third dredge-up. Combined with the fact that VO is present in the galaxies' spectra (see Fig. 6 , these considerations suggest that TP-AGB stars play a significant role in the features observed in our integrated spectra 4 . Figure 5 . Top: Mean spectrum (black), along with EPS fits using (lowest to highest) the IRTF stars, stars no TP-AGB, M11 and BC03 models. Middle: the difference between the mean spectrum and its fits, following the same order as in the top. Bottom: synthesis results from these three methods. If TP-AGB stars dominate the NIR spectral features, we might expect to observe stronger features in intermediate-age galaxies that should host larger populations of these stars. This is not obviously the case in this sample. The spectra in Figure 1 are remarkably similar, and there is no clear relationship between the EW values in Table 3 and whether a galaxy is classified as intermediateage or old in Table 1 . Of the galaxies in this sample, NGC 5005 has probably the most secure evidence for a large intermediateage (∼45%) stellar population (Cid Fernandes et al. 2004b) . Its CN/TiO/ZrO and VO bands, however, are the weakest that we observe (Table 3) . Similarly, Mason et al. (2015) examined three galaxies with intermediate-age populations and found them to have weaker molecular absorption bands than older galaxies.
There are several possible reasons for this apparent contradiction. First, stellar populations derived from optical and NIR spectroscopy cannot necessarily be directly compared. Dust can obscure young populations in the optical, and different slit sizes 5 can probe either the models or the stellar library. The absence of the feature in the model spectra is not surprising, as they do not include the VO molecule. Its weakness in the empirical fit may be a result of incompleteness of the stellar library or the fact we are not constraining it by the rules of stellar evolution. A definite conclusion will require more detailed analysis, and is left for a future paper (R. Riffel et al in preparation) 5 That might be the case of NGC5005, since the slit used by different regions of spatially varied populations (Riffel et al. 2011c; Martins et al. 2013b) . Second, the intermediate-age galaxies studied here and in Mason et al. (2015) likely span only limited range of metallicity. As the strength of TP-AGB spectral features depends greatly on their age and metallicity (M05), weak NIR features like those observed in NGC 5005 may not be a universal characteristic of intermediate-age galaxies. Third, intermediate-age galaxies may also contain young stellar populations, whose relatively featureless spectra may dilute the stronger bands of the TP-AGB stars. Finally, as shown by our model fits, red giants, C-R and E-AGB stars can also produce most of the observed features sometimes attributed to TP-AGB stars. These stars may be important in stellar populations that are both younger than the intermediate-age populations in which TP-AGB stars are believed to be abundant (if R C-rich and E-AGB stars are present in large fractions), or in older populations (which contain large numbers of red giants). This clearly demonstrates that to accurately model a stellar population, all kinds of evolved stars need to be taken into account.
To date, the most targeted search for TP-AGB stars in galaxies is that of Zibetti et al. (2013) . They obtained NIR (H and Kband) spectra of 16 post-starburst galaxies, selected partly for the CN (1.41 µm) and C2 (1.77 µm) bands to be redshifted out of Cid Fernandes et al. (2004b) is three times wider than ours, thus potentially sampling additional stellar populations. strong telluric absorption (z∼0.2). Although the stellar ages (0.5 -1.5 Gyr) of these galaxies correspond to the period of maximum contribution of TP-AGB stars to the integrated spectrum, the depth of absorption features from carbon molecules in these stars was found to be no more than a few per cent of the continuum. Extrapolating from our observations to predict the features expected in post-starburst galaxies is beyond the scope of this paper, but we note that the weak CN and C2 absorptions reported here would not be detected at the resolution (∼300 versus 1200) and S/N (∼30 vs 110 in the K band) of the Zibetti et al. (2013) data, and their spectral coverage does not include most of the other features that we report. It is therefore difficult to gauge whether our interpretation of the molecular features as dominated by TP-AGB stars is in conflict with the observations of Zibetti et al. (2013) . However, it is clear that the features in the post-starburst galaxies are not as strong as predicted by the M05 models for galaxies of those ages and metallicities.
Performance of the models
The last two approaches tested in §3.2 (M11 approach and BC03 approach) are intended to show how well different SSP recipes are able to reproduce these features. Fitting the mean spectrum with the M11 models results in a complex star formation history, with similar fractions of young (t < 1 Gyr), intermediate-age (t ∼ 1 Gyr) and old (t ∼ 10 Gyr) SSPs. With the BC03 models, though, STARLIGHT includes a young (∼ 10 7 yr) component and requires only a very small fraction of old SSPs. This is probably because the BC03 models do not have deep NIR CN bands, causing the code to attempt to fit the 1.1 µm CN band with Paγ. If such a young component were genuinely present, we would expect to require a significant fraction of F stars (the hottest available in the IRTF library) when fitting the mean spectrum with the stellar library, which is not the case. Furthermore, if we remove the 100 Myr components in the BC03 approach, the best fit is achieved with ∼ 35% of the light due to the 1 Gyr and ∼ 65% due to the 2 Gyr components, but with a much poorer fit (χ 2 ∼ 100). The high (∼65%) light fraction of stars with ages 0.2 -3 ×10 9 yr in the M11 model fits ostensibly supports our previous interpretation that the molecular bands likely contain a strong contribution from TP-AGB stars, which should dominate the NIR emission of a stellar population of this age. However, this result could be coincidental: the M11 models include empirical spectra with good spectral resolution only for the TP-AGB stars, meaning only the intermediate age stellar population in their models will present these features. As discussed above, most of the features can be reproduced with a mix of E-AGB and R C-rich stars, which means older stellar populations probably also have these features at some level. To avoid misinterpreting NIR galaxy spectra, it is thus of great importance to include high quality empirical spectra of the other evolutionary phases in the EPS models.
While the M11 models qualitatively reproduce several of the broad absorption bands in the mean spectrum (notably CO and CN), these bands are weaker or absent in the BC03 model fit. This is probably not related to the different spectral resolution of the models (R ∼ 200, vs R ∼ 500 in M11) because we find that similar results are obtained from the M11 and M05 models (the latter with R ∼ 250 in the K-band). The differences are more likely related to uncertainties in the theoretical treatment of AGB and TP-AGB stellar phases and the fact that the M05/M11 models include empirical spectra of C and O-rich stars and therefore better account for these features.
Since the relative band strengths depend on metallicity (M05), we also tried fitting the mean spectrum with BC03 and M05 models including three non-solar metallicities (the M11 models include only solar metallicity for this wavelength range). Similar ages to those derived from the original analysis were obtained in all cases, and changing the metallicity did not significantly improve the fits to the features. This may suggest that the incompleteness in stellar types/phases of the empirical spectra on which the models are based is the first order problem in reproducing the NIR absorption features. At this stage in the development of the models, metallicity probably plays a secondary role in predicting the strength of the features
FINAL REMARKS
We have presented high-S/N, 0.85 -2.5 µm spectra of the nuclei of 12 local galaxies. The spectra show indications of numerous weak molecular absorption bands that arise in the atmospheres of cool stars. While several types of evolved stars can exhibit most of the detected features, we argue that the high luminosity of TP-AGB stars, and the fact that the spectra contain VO and likely ZrO, that are only expected in stars undergoing thermal pulses, imply that these features are the long-debated signatures of TP-AGB stars. However, a combination of R-type carbon rich stars and E-AGB stars should not be ruled out as an important contributor to these bands.
In testing two sets of stellar population synthesis models against these spectra, we found that models that include stars with relatively strong absorption bands provide a more accurate representation of the spectra. However, to avoid misinterpreting the data, future models must include high-quality spectra of C-R and E-AGB stars, along with those of TP-AGB stars. Testing the predictions of EPS models has to date been hampered by a lack of high-quality data againstwhich the models can be tested, and we hope that the high S/N and wavelength coverage of the spectra presented here will make them a useful aid to the development of such models. The reduced spectra presented here are available at: http://www.canfar.phys.uvic.ca/vosui/#/karun/xdgnirs Dec2014/XD final.
